Snow crabs, Chionoecetes opilio, were obtained approximately bimonthly from the eastern Bering Sea and sampled for biometric information and biochemical analysis of ovaries, which included determination of moisture, ash, total lipid, protein content, fatty acid and lipid profiles. Development of the ovary during the reproductive cycle largely followed the pattern seen in other crustaceans, namely an increase in size and lipid content. However, the increase in lipid content occurred early in the development cycle and was stable thereafter. Both the lipid and fatty acid profiles were relatively stable throughout development. The fatty acid profile of the ovary of C. opilio differs from other crustaceans by having relatively high percentages of eicosapentaenoic (EPA) and docosahexaenoic acid (DHA), and low percentage of arachidonic acid (ARA). Forward stepwise general discriminant analysis of fatty acid profile indicated that it can be used to classify the development of ovaries at least during the last five months of the yearly reproductive cycle.
INTRODUCTION
The snow crab, Chionoecetes opilio (O. Fabricius, 1788) , resource of the eastern Bering Sea (EBS) once supported the most valuable crab fishery in Alaska with average annual landings of 85,000 mt over the period [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] with an all-time high catch of 149,000 mt in 1991 (ADFG, 2000) . Since then, male and female abundance have consistently declined reaching a historical low in 1994 and have remained depressed (Turnock and Rugolo, 2008) despite conservative management practices. Even though the EBS resource of this species has been closely monitored for over three decades, detailed studies of the yearly reproductive cycle have only recently been published (Rugolo et al., 2005; Reppond et al., 2008) . Alunno-Bruscia and Sainte-Marie (1998) have reported an in-depth study on the development of female snow crab in the Gulf of St. Lawrence and found sexual maturation occurred at instars IX and X. They also reported that ovarian mass reached a maximum in the fall during the annual reproductive cycle. Ovarian development in crustaceans during the annual reproductive cycle is not only marked by an increase in mass, but also changes in biochemical composition (Teshima et al., 1988; Harrison, 1990; Smith et al., 2004) . It is thought that dietary lipids accumulate in the hepatopancreas of decapods and are then transferred to the ovary during the reproductive cycle (Teshima et al., 1988; Harrison, 1990) . The role of nutrition of female crustaceans on reproductive success has been studied especially for species associated with commercial aquaculture (Harrison, 1990; Wouters et al., 2001) . A diet high in polyunsaturated fatty acids (PUFA) resulted in an increase in ovary weight, fecundity and egg hatch rate in Chinese mitten-crab, Eriocheir sinensis (Milne Edwards, 1853) (Wen et al., 2002) . Fecundity was correlated with eicosapentaenoic acid (C20:5(n-3), EPA) content and hatch rate with docosahexaenoic acid (C22:6(n-3), DHA) content of the eggs. Both fecundity and hatch rate were affected by n-3/n-6 fatty acid ratio (Wen et al., 2002) . Similar findings were noted (Xu et al., 1994) where it was reported that increased levels of dietary EPA and DHA in eggs and ovaries of Chinese prawns, Fenneropenaeus chinensis (Osbeck, 1765) , were correlated with higher fecundity and hatch rates. Determining the level of these important nutrients could provide an additional diagnostic tool in assaying the reproductive health of the snow crab population. The objective of this research was to document changes in the biochemistry of ovaries of EBS snow crab during development with particular interest in determining changes in the fatty acid and lipid profiles.
MATERIALS AND METHODS

Collection of Crab and Preparation of Samples
This study was part of a larger research investigation on snow crab reproductive dynamics and life history that commenced in the summer of 2002 and results of that study are reported separately (Rugolo et al., 2005) . Collecting and holding of crab used in this experiment was described previously by Reppond et al. (2008) and it is assumed that holding conditions were similar to conditions found in the natural environment such that ovarian development was minimally affected. By convention, crab caught in November 2002 , January 2003 , March 2003 , and June 2003 are referred to as originating from NOV02, JAN03, MAR03, and JUN03 cruises, respectively. Specimens from the NOV02, JAN03, and MAR03, and JUN03 cruises were held for six, nine, two, and nine weeks, respectively, before being processed for biochemical sampling. Results of our analysis are referred to the ovary sampling dates as, respectively, DEC, MAR, APR and SEP. Samples will be referred to by the date of JOURNAL OF CRUSTACEAN BIOLOGY, 29(3): 393-399, 2009 biochemical processing in most cases. While in captivity, crabs were fed twice per week with a varied diet of cod, squid, and herring depending on local availability at the rate of 2 grams per crab or about 3% of body weight per each feeding. The delay between collecting crabs and taking samples from crabs for biochemical assay, while it may have influenced results for the biochemistry of ovarian development, was unavoidable as obtaining data for the larger study (Rugolo et al., 2005) had first priority and had to be completed before samples became available for this study. Ovary tissue was removed at the same time as the eggs used in an accompanying study of snow crab embryos (Reppond et al., 2008) with one exception. No ovary samples were taken from crab caught in September 2002 although egg samples were taken.
The method of obtaining biometric information on the crab was described by Reppond et al. (2008) . Gonadosomatic index (GSI) was calculated by dividing ovary weight by whole weight and multiplying the result by 100. A sample of oocytes independent of biochemical analysis was taken for morphometrics. Thirty oocytes from the ovary of each female were extracted for analysis. Only fresh oocytes were examined since size and shape change with preservation. Using ImagePro+H image analysis software, oöcyte diameter measurements were taken on 10 oocytes randomly selected from the subsample. Oöcyte diameter was the average of 180 measurements taken at 2 degree arcs around the perimeter, thus reducing bias due to imperfect spherical shape. The mean of the 10 oocyte diameters was calculated to represent the mean oocyte diameter for each crab. The time interval between median sample date for oocyte diameter determination and sample date for biochemical analysis ranged from 19 days for the MAR sample to 1 day for the APR sample.
To obtain sufficient material for all proximate analyses, ovaries from four to five crabs were pooled to form composite samples. Three composite ovary samples were prepared from JAN03, MAR03, and JUN03 cruises. Due to a limited number of crabs, only two composites samples were prepared from the NOV02 cruise. Ovaries from the remaining crab were analyzed on an individual basis. The ovaries of crab in the SEP sample (cruise JUN03) were too small for even limited proximate analysis so only composite biochemical values are available for that sample. Therefore, there were two sampling methods (composite and individual) for DEC, MAR, and APR samples.
Color and Biochemical Analysis
Methods for determining color, moisture, ash, protein, total lipid content as well as fatty acid profile have been previously described (Reppond et al., 2008) . Measurement of L*, a*, and b* color values were determined in triplicate and used ovary tissue from six specimens from each sample date. L* is a measure of the lightness of a sample; positive a* indicates a red hue and negative a* indicates a green hue; positive b* indicates a yellow hue and negative b* indicates a blue hue. Total lipid content was determined in duplicate for composite and individual samples. It was necessary to modify the Folch et al. (1957) method of extracting lipids by first briefly homogenizing the ovary tissue in 20 ml chloroform and then slowly adding 10 ml of methanol to complete the extraction. Contact of intact ovary tissue with methanol often resulted in the tissue having a rubbery texture that proved difficult to homogenize. Due to the small size of the ovaries, it was not possible to determine moisture and ash content in duplicate for all individual samples and none of the individual samples were analyzed for protein content. Similarly, it was not possible to determine the protein content of the composite samples from the JUN03 cruise due to small size of the ovaries.
Lipid Profile
Only lipids from composite samples were used for lipid class analysis. Proportions of lipid classes were determined by thin-layer chromatography with flame ionization detection (TLC/FID) as described by Bechtel and Oliveira (2006) . Each lipid extract was spotted on a Chromarod (Type SIII) and developed in a solvent system containing 60:10:0.02 hexane: diethyl ether:formic acid (v/v/v). Various classes of lipids were separated based on polarity, with the nonpolar compounds (i.e., triglycerides) eluting first, followed by the more polar lipids (i.e., phospholipids). A four-point linear external calibration was used for quantification. Total lipid concentrations were calculated by adding the concentrations of the four lipid classes detected for each sample and were reported as percent total lipid. Duplicate TLC/FID analyses were performed for each sample extract.
Statistical Analysis
Biometric, color, and lipid profile data were subjected to a one-way analysis of variance, ANOVA, to determine if sample date which had four levels affected results. If significant differences were found, the Tukey test was used to determine differences among effects. In our analysis, two sampling methods are specified, one for individual specimens and one for composite samples of more than one individual. To test for the effect of sampling method on results for moisture, ash, total lipid values, and fatty acid profiles, a three level nested analysis of variance model was used where sample date replicates, REP, were nested within sample date (four levels), and sample date was nested within sampling method (two levels). Since many individual ovary samples were not large enough for duplicate determination of moisture and ash content, the number of sample date replicates and therefore degrees of freedom were lower for those results than for the total lipid and fatty acid profile determinations which were always run in duplicate. SAS 6.2 statistical software (SAS Inc., Cary, North Carolina) was used for all ANOVA calculations.
Percent total fatty acids results were subjected to forward stepwise general discriminant analysis (FSGDA) using the Multivariate Exploratory Techniques module from Statistica version 6.1 (StatSoft Inc., Tulsa, Oklahoma) following the analysis described by Reppond et al. (2008) . Only data from the SEP, MAR, and APR were used as these were the only dates that had both composite and individual ovary samples and therefore enough values to make the FSDGA feasible.
RESULTS
Biometrics and Color
As noted in the accompanying work on embryos (Reppond et al., 2008) , crab from the JUN03 cruise (ovary sample date SEP) were slightly larger than those in the other cruises as indicated by carapace width and whole weight (Table 1) . Ovary weight and GSI increased as the crab matured. Mean oocyte diameter was smallest in the SEP sample but no difference was seen among the DEC, MAR, and APR samples. The L* values of the ovary samples decreased slightly with maturity indicating the color was deepening. The a* and b* values increased between the SEP and DEC samples but no differences were seen among the DEC, MAR, and APR values. An increase in a* and b* indicated the orange hue of the ovaries was developing. Since the crab in the APR sample were hatching embryos at the time of biochemical sampling, mating and fertilization would have soon followed. Therefore, the biometric and biochemical profile of the ovaries was determined at their maximum maturity prior to egg extrusion.
Proximate Analysis
Sampling method did not affect the results of proximate analysis therefore only proximate results from composite samples will be discussed (Table 2) . Ovaries from the SEP sample were higher in moisture content (69.7% vs. 52.4-56.9%) than the ovaries from crab sampled later in the reproductive cycle (Table 3) . It is not clear why there was a small but statistically significant increase in moisture content between the DEC and APR samples (52.4 6 0.3% vs. 56.9 6 0.7%, means 6 standard deviation, respectively). Protein content was essentially the same among the samples that had sufficiently sized ovaries for full proximate analysis (65.9% to 68.7%). Lipid content was lower in the ovaries of crab in SEP (20.0%) than in samples from later in the reproductive cycle (26.2% to 31.3%). No statistically significant differences in ash content were found among the samples.
Lipid Profile
Phospholipids (PL) were the predominant class of lipids in the crab at each sample date, followed by triacylglycerides (TG) then sterols (ST) ( Table 4) . PL values were slightly, but significantly higher and TG values were lower in the SEP crab when the ovaries would be the least mature compared to the APR sample which had the most mature ovaries (Table 4 ). The sterol content of snow crab ovaries was not affected by sample date.
Fatty Acid Profile
Sampling method (individual or composite) did not affect the distribution of any individual fatty acid, FA, or fatty acid class therefore only results from the composite samples will be discussed. At each sample date, EPA was the predominant FA and other FAs decreased in the following order: EPA . DHA . C16:0 . C18:1(n-9) . and C16:1(n-7) (Table 5 ). Polyunsaturated fatty acid (PUFA) was the predominant class of ovarian fatty acid followed by monounsaturated (MUFA) and saturated (SFA) fatty acid classes (Table 5) . Although the relative abundance of several of the FAs changed significantly as the ovaries matured, the changes were generally not large. The percentage of C20:1(n-11) and C22:1(n-11) in the ovaries of crab from the APR sample (fully mature) cruise were about double those found in the SEP sample (least mature). Among PUFAs, the relative amount of EPA decreased with ovarian maturation (25.38% to 20.16%) while the relative amount of DHA slightly increased (11.09% to 13.09%). Fluctuations in arachidonic acid Table 1 . Mean values (6 SD) of snow crab carapace width, pleonal flap width, whole weight, ovary weight, gonadosomatic index, GSI, oocyte diameter, ovary L* (whiteness), a* (red hue), and b* (yellow hue) by sample date. SEP samples were the least mature and APR samples the most mature. n is the number of replicates per date for each characteristic.
A-D Means within a row sharing a common letter were not significantly different (P . 0.05). (C20:4(n-6), ARA) values, while statistically significant, were small.
Forward Stepwise General Discriminant Analysis
The use of discriminant function analysis as a patternrecognition tool in determining the relationships between fatty acid profile and embryonic development in C. opilio has been discussed in Reppond et al. (2008) . The FSGDA, at step number 9 (final step) using a P-value set at 0.05 removed all but six FA and two FA classes. The FA and FA classes included in the model were C12:0, C16:0, C18:2(n-6), C20:1(n-7), C22:1(n-5), C22:1(n-9), PUFA and n-3. The M 2 -distances for this model ranged from a low of 95.3 for the MAR -APR comparison to a high of 695.4 for the DEC -APR comparison. The DEC -MAR M 2 -distance was 298.2 resulting in a cross-validation of 100% correct classifications. No overlapping occurred among any samples at the 95% confidence intervals (Fig. 1) .
DISCUSSION
Biometrics and Color
The increase in the GSI seen in this study on snow crab has also been noted in the reproductive cycle of Chinese mitten crab, Eriocheir sinensis (Cheng et al., 2000) and deep-sea red crab, Chaceon quinquedens (Smith, 1879) [Geryonidae] (Biesiot and Perry, 1995) . The change in L*, a*, and b* values were not as large as seen in the embryo samples from these same crab (Reppond et al., 2008) but indicate the typical color change for maturing snow crab ovaries.
Proximate Analysis Wouters et al. (2001) reported a decrease in moisture content of the ovary of Pacific white shrimp, Litopenaeus vannamei (Boone, 1931) , during sexual maturation similar to that seen for snow crab in this study. An increase in total lipid content during sexual maturation like that seen here in snow crab has been reported in a number of species including marbled rock crab, Pachygrapsus marmoratus (Fabricius, 1787) , (37.1% to 46.5%) (Lautier and Lagarrigue, 1988) , fiddler crab, Uca tangeri (Eydoux, 1835), (10.6% to 19.7%) (Mourente et al., 1994) , and Kuruma prawn, Marsupenaeus japonicus (Bate, 1888) (5.5% to 10.1%) (Teshima and Kanazawa, 1983) . Since the crab were fed in captivity for up to nine weeks on a diet that likely varied at least to some degree from what they would have consumed in the wild, it is possible that the values Phospholipids 62.0 A 6 2.9 58.0 ABC 6 0.9 60.9 AB 6 1.0 56.4 C 6 0.9 ABC Means within a row not sharing a common letter were significantly different (P . 0.05).
reported here may have been different if the crab were sampled for analysis immediately after catch. However, trends with seasonal development were unlikely to have been affected. It should be noted that Smith et al. (2004) reported that the ovary of spiny lobster, Jasus edwardsii (Hutton, 1875), fed either a beef or squid based diet had lipid and fatty acid compositions similar to each other. Work on Chinese prawn (Xu et al., 1994) and Chinese mitten crab (Wen et al., 2002) in which diet affected reproductive success used diets deficient in PUFAs to demonstrate an effect. This would be unlikely given the diet used to sustain C. opilio in this work. Development of the ovary in snow crab during the reproductive cycle largely followed the pattern of seen in other crustaceans, namely an increase in size and lipid content. This increase in lipid content occurred early in development, i.e., SEP to DEC, and was stable thereafter.
Lipid Profile
The order of lipid classes seen in ovaries of snow crab order was also noted for marbled rock crab (Lautier and Lagarrigue, 1988) , Pacific white shrimp (Wouters et al., 2001) , and Kuruma prawn (Teshima and Kanazawa, 1983) . For fiddler crab, PL was the predominant class in the least developed ovary stage followed by TG but the relative order was reversed in the most mature ovary stage (Mourente et al., 1994) . Cheng et al. (2000) reported that neutral lipids, predominantly triacylglycerol and cholesterol, were the predominant classes of lipids in the ovary of Chinese mitten crab. The change in relative distribution of PL and TG lipid classes was not as large as that seen in ovaries of Pacific white shrimp (Wouters et al., 2001 ). Cheng et al. (2000) reported PL content increased in Chinese mitten crab as ovaries matured. For fiddler crab, PL increased only during the later stages of development (Mourente et al., 1994) .
Comparison of data from the most mature ovary sample (APR) to that of least developed snow crab embryos (227 days to hatch) reported by Reppond, et al. (2008) indicates that extrusion, fertilization, and subsequent development over a period of about 20 weeks (April, 2003 to September, 2003 drastically affected the lipid class distribution. In the most mature ovary sample, TG and PL were 40.7 6 0.9% and 56.4 6 0.9%, respectively, compared to 65.4 6 6.1% and 32.1 6 6.8%, respectively in the least developed embryo. Sterol content was essentially the same between these samples, 3.2 6 0.9% and 2.5 6 0.7%, respectively. It is interesting to note that the change in relative amounts of TG and PL in most mature ovary to that seen in the least mature embryos over a period of about 20 weeks was greater than that seen between the least and most mature embryos over a period of about 32 weeks. This may indicate that morphological changes were greater during the first months of embryonic development than in subsequent months. It is recognized that comparing results of ovarian biochemistry of one catch of crab with the embryonic biochemistry of a subsequent catch of crab carries some risk of introducing additional sampling variability even though both catches came from the same area and were treated similarly.
Fatty Acid Profile
The predominance of EPA found in snow crab ovaries was also noted in the ovaries of Pacific white shrimp which had the following order: EPA . C16:0 . C18:1(n-9) . DHA . C18:0 (Wouters et al., 2001) . For fiddler crab, the order was C16:0 . C16:1(n-7) . EPA . C18:1(n-9) . DHA (Mourente et al., 1994) . In the Kuruma prawn, the order was C16:0 . C18:1(n-9) . C16:1(n-7) . C18:0 . EPA . DHA (Teshima and Kanazawa, 1983) . For marbled rock crab, Lautier and Lagarrigue (1988) reported that C18:1(n-9) was the predominant fatty acid followed by C16:0 . C16:1(n-7). C17:0 . C20:4(n-6) . EPA, respectively. DHA was a minor component of fatty acids in the ovary of that species with less than 1% throughout the various molting stages. Smith et al. (2004) reported that in spiny lobster, Jasus edwardsii, the predominant ovarian fatty acid was C16:0 followed by DHA . EPA . C16:1(n-7) . C18:0. ARA was less than 3% of total fatty acids in snow crab ovaries throughout the study, a finding similar to that reported by Wouters et al. (2001) for Pacific while shrimp. ARA was more prevalent in Chinese mitten crab (Cheng et al., 2000, 3.8%) , fiddler crab (Mourente et al., 1994, 6 .2%), marbled rock crab (Lautier and Lagarrigue, 1988, 5 .6%), Kuruma prawn (Teshima and Kanazawa, 1983, 4.0%) .
As in snow crab, polyunsaturated fatty acid (PUFA) was the predominant class of ovarian fatty acids in the ovary of spiny lobster (Smith et al., 2004) . For marbled rock crab, MUFA was the most abundant class followed by SFA then PUFA (Lautier and Lagarrigue, 1988) while in the ovary of fiddler crab, there was more SFA than MUFA (Mourente et al., 1994) . For Pacific white shrimp, PUFA was the predominant class followed by SFA and MUFA (Wouters et al., 2001) .
The lack of a large change in ovarian fatty acids was similar to findings by Wouters et al. (2001) on Pacific white shrimp. The results for C16:0 for snow crab are in agreement with the findings of Teshima and Kanazawa (1983) in their report on Kuruma prawn. In studies on marbled rock crab, Lautier and Lagarrigue (1988) observed that ovarian C14:0 and C18:0 remained largely unchanged during maturation while C16:0 decreased steadily. Ying et al. (2006) reported that C16:0 and C18:0 decreased as the ovaries in Chinese mitten crab matured. The lack of change in C16:1(n-7) during maturation of snow crab ovary was also documented in the ovary of Chinese mitten crab (Ying et al., 2006) . However, Lautier and Lagarrigue (1988) reported a decrease in the percentage ovarian C16:1(n-7) in marbled rock crab. Teshima and Kanazawa (1983) reported that in Kumura prawn, the percentage EPA (9.7%) was highest in Stage V (spent) ovaries and DHA was highest (7.7%) in Stage IV ovaries. By comparison, EPA in the ovary of marbled rock crab increased from 1.25% to 2.81% as crab molted while DHA remained less than 1% (Lautier and Lagarrigue, 1988) . In Chinese mitten crab, EPA and DHA were relatively minor components (. 5%) of the fatty acid profile of the ovary and little difference was seen between immature and mature ovaries (Ying et al., 2006) . For snow crab, small but statistically significant fluctuations in ARA values in the ovaries was similar to what has been reported for Kuruma prawn (Teshima and Kanazawa, 1983) while ARA decreased as ovaries matured in Chinese mitten crab (Cheng et al., 2000 , from 11.1% to 5.9%), in fiddler crab (Mourente et al., 1994 , from 1.7% to 0.7%). ARA increased in marbled rock crab (Lautier and Lagarrigue, 1988 , from 3.55% to 5.57%) and from 1.0% to 1.7% in Pacific white shrimp (Wouters et al., 2001) .
Although statistically significant differences were found among the fatty acid classes in samples from the four sample dates, the amount of change was not large compared to that seen in snow crab embryos (Reppond et al., 2008) over this same time period or in the ovaries of marbled rock crab (Lautier and Lagarrigue, 1988) , Chinese mitten crab (Ying et al., 2006) , or Pacific white shrimp (Wouters et al., 2001 ) during seasonal maturation. SFA did not change in the ovaries of marbled rock crab during vitellogenesis but MUFA decreased and PUFA increased. Cheng et al. (2000) reported that in the ovary of mud crab, EPA and DHA percentages increased and MUFA fatty acids increased during vitellogenesis. In summary, the fatty acid profile of the ovary of snow crab differed from other crustaceans by having relatively high percentages of EPA and DHA and low percentage of ARA. Both the lipid and fatty acid profiles were fairly stable throughout the period of development covered in this study. This implies that the formula for a brood stock diet could remain the same throughout the year. Additionally, the results of the fatty acid and lipid profiles could be used as a guide in developing such a diet.
Fatty acid class profiles of the most developed ovary sample and the least developed embryo sample reported by Reppond et al. (2008) were remarkable similar given the differences in lipid class profiles noted earlier. SFA, MUSA, and PUFA were 20.8%, 36.6%, and 42.0% of total fatty acids in the most mature ovary sample (APR) and the corresponding values for the least mature embryo sample were 19.3%, 35.3%, and 42.9%, respectively. Comparison of individual fatty acids also showed similar values between these samples. Whatever developmental processes that are involved in the early stages of embryogenesis did not seem to affect the distribution of fatty acids despite the large change in lipid classes distribution noted earlier.
Forward Stepwise General Discriminant Analysis
The FA and FA classes included in the model for ovarian fatty acids were somewhat different than those noted in the accompanying study (Reppond et al., 2008) on embryos from these same crab. In embryonic tissue, the FA and FA classes were C16:0, C18:0, C18:1(n-5), C20:1(n-7), C22:1(n-11), C20:5(n-3), SFA and n-3. The M 2 -distances clearly showed that the differences detected in the proportion of FA and FA classes present in snow crab ovaries allowed clear distinction among these groups. In contrast, for fatty acid data on the snow crab embryos, overlap among these groups did not allow for clear distinctions across sampling dates. FSGDA treatment of the ovarian fatty acid profile indicated that it can be used to classify the development of ovaries at least during the last half of the yearly reproductive cycle. Since sampling for fatty acid profile can be performed on samples that have been frozen, this may offer advantages to researchers in situations were it is not feasible to examine ovary development in the field or transport and maintain live specimens.
